1. Introduction {#sec1-sensors-18-04246}
===============

While GPS (global positioning system), the main outdoor location tracking system, has shown high performance and precision, various methods for an indoor location tracking system have been studied due to the absence of a clear solution \[[@B1-sensors-18-04246],[@B2-sensors-18-04246]\].

Conventional indoor location tracking solutions and security solutions have various problems. Good performance can be difficult to achieve in image-based systems if sight is covered by obstacles such as fog and smoke. This is also true in the case of the infrared sensors because they are highly sensitive to temperature and humidity \[[@B3-sensors-18-04246]\].

In this paper, an antenna for an indoor location tracking system is proposed. The performance of this antenna was verified by connecting it to the impulse radar-based technology of an NVA-R661 module of Xethru Inc. (Oslo, Norway). The NVA-R661 module, which is an IR-UWB radar system, has a wide bandwidth of 6.0 to 10.2 GHz \[[@B4-sensors-18-04246]\].

Typically, the IR-UWB radar system has high spatial resolution because it uses a short pulse signal with a bandwidth above 500 MHz or a fractional bandwidth greater than 0.2 \[[@B5-sensors-18-04246]\]. Therefore, it has higher penetrability than other indoor security solutions, as well as precise location tracking.

Indoor location tracking systems based on IR-UWB radars have been implemented using various antennas, such as monopole antennas \[[@B6-sensors-18-04246],[@B7-sensors-18-04246]\], patch antennas \[[@B8-sensors-18-04246]\], Yagi-type antennas \[[@B9-sensors-18-04246],[@B10-sensors-18-04246],[@B11-sensors-18-04246],[@B12-sensors-18-04246],[@B13-sensors-18-04246],[@B14-sensors-18-04246]\], and tapered-slot antennas \[[@B15-sensors-18-04246]\].

The proposed antenna was fabricated as a quasi-Yagi type and, to improve the bandwidth and gain, two parasitic directors were added near the dipole. The fabricated quasi-Yagi antenna was connected to an NVA-R661, thus verifying the validity of the indoor location tracking systems.

This paper is organized as follows. In [Section 2](#sec2-sensors-18-04246){ref-type="sec"}, the design and fabrication of the proposed quasi-Yagi antenna is described. In [Section 3](#sec3-sensors-18-04246){ref-type="sec"}, the validity of the indoor location tracking system is verified by connecting the antenna to the NVR-R661 module. In [Section 4](#sec4-sensors-18-04246){ref-type="sec"}, the conclusion is provided.

2. Fabrication and Analysis of the Antenna {#sec2-sensors-18-04246}
==========================================

2.1. Design and Simulation of the Antenna {#sec2dot1-sensors-18-04246}
-----------------------------------------

The complete structure of the proposed quasi-Yagi antenna is shown in [Figure 1](#sensors-18-04246-f001){ref-type="fig"}. It was printed on a TRF-45 substrate, which had a dielectric constant of 4.5, a loss tangent of 0.0035, and a thickness of 0.61 mm.

A dipole (*L*~D1~, *W*~D1~) for the radiation of the antenna was placed on the top layer and two parasitic strip directors (*L*~Dr1~, *L*~Dr2~, *W*~Dr1~, *W*~Dr2~) were added to increase the bandwidth and the gain. A 50 Ω feed line for the impedance matching of the antenna was placed on the bottom layer according to parameters *L*~m1~, *L*~m2~, *W*~m1~, and *W*~m2~. The ground reflector was connected to the dipole to improve the directivity of the antenna according to parameter *L*~S~. Then, the design parameters of the proposed quasi-Yagi antenna were as follows: *L* = 32.7 mm, *W* = 33 mm, *L*~1~ = 6.4 mm, *W*~1~ = 1.6 mm, *L*~D1~ = 14 mm, *W*~D1~ = 1.4 mm, *L*~Dr1~ = 10 mm, *W*~Dr1~ = 2 mm, *L*~Dr2~ = 7.5 mm, *W*~Dr2~ = 1.4 mm, *L*~S~ = 5.7 mm, *W*~S~ = 2.6 mm, *L*~m1~ = 7.5 mm, *L*~m1_1~ = 0.5 mm, *W*~m1~ = 2 mm, *L*~m2~ = 3.2 mm, *W*~m2~ = 1 mm, *L*~m3~ = 3.2 mm, *L*~g~ = 10.7 mm, *d*~1~ = 0.7 mm, *g*~1~ = 3.8 mm, *g*~2~ = 3 mm, and *p* = 11.3 mm.

The proposed antenna was analyzed in three steps as shown in [Figure 2](#sensors-18-04246-f002){ref-type="fig"}.

As shown in [Figure 2](#sensors-18-04246-f002){ref-type="fig"}, Antenna-1 is a basic quasi-Yagi antenna without the parasitic directors. In Antenna-2 and Antenna-3, parasitic strip directors were added to achieve a wide bandwidth impedance matching and high gain near the dipole.

The VSWR ≤ 2 impedance bandwidth and the realized gain simulation results of the three steps, were analyzed using HFSS (High Frequency Simulation Software) Version 12, and are shown in [Figure 3](#sensors-18-04246-f003){ref-type="fig"}.

As shown in [Figure 3](#sensors-18-04246-f003){ref-type="fig"}, Antenna-1 exhibited good impedance matching by satisfying a VSWR ≤ 2 from 4.54 to 7.15 GHz. The realized gain results of Antenna-1 were 4.61 dBi at 5 GHz, 4.92 dBi at 6 GHz, 5.12 dBi at 7 GHz, 5.50 dBi at 8 GHz, and 6.85 dBi. In Antenna-2, a parasitic director was added to improve the bandwidth and the high gain, and the impedance bandwidth converged with a VSWR ≤ 2 from 4.60 to 9.77 GHz. The realized gain results of Antenna-2 were 5.03 dBi at 5 GHz, 5.80 dBi at 6 GHz, 6.50 dBi at 7 GHz, 7.88 dBi at 8 GHz, and 8.19 dBi. Finally, Antenna-3 exhibited a wider bandwidth result and a higher gain than Antenna-2 and Antenna-1. The impedance bandwidth converged with a VSWR ≤ 2 from 4.67 to 9.89 GHz and the realized gain results were 5.09 dBi at 5 GHz, 6.05 dBi at 6 GHz, 6.82 dBi at 7 GHz, 8.10 dBi at 8 GHz, and 8.72 dBi.

The VSWR ≤ 2 impedance bandwidth results simulated for the values of *L~Dr~*~1~, *L~Dr~*~2~, *g*~1~, and *g*~2~ of the parasitic directors are shown in [Figure 4](#sensors-18-04246-f004){ref-type="fig"} and [Figure 5](#sensors-18-04246-f005){ref-type="fig"}.

As shown in [Figure 4](#sensors-18-04246-f004){ref-type="fig"}, as a result of varying the director-1, the variation of the impedance bandwidth is obvious. The bandwidth results of the value *L~Dr~*1 for the director-1 were 4.42 GHz for 8 mm, 4.45 GHz for 9 mm, 5.15 GHz for 10 mm, 3.45 GHz for 11 mm, and 3.01 GHz for 12 mm. For the case of the value *g*~1~, the bandwidth results were 3.55 GHZ for 2.6 mm, 3.69 GHz for 3 mm, 4.04 GHz for 3.4 mm, 5.15 GHz for 3.8 mm, 4.97 GHz for 4.2 mm, and 4.89 GHz for 4.6 mm. Therefore, the values of *L~Dr~*1 and *g*1 for the director-1 were chosen as 10 mm and 3.8 mm, respectively.

As shown in [Figure 5](#sensors-18-04246-f005){ref-type="fig"}, as a result of varying the director-2, the VSWR was higher in the 8 to 9 GHz band. VSWR was closer to 1 when the *L~Dr~*~2~ and *g*~2~ for director-2 were 7.5 mm and 3 mm, respectively; in addition, the bandwidth was 5.22 GHz.

The current distribution simulation results of the proposed antenna are shown in [Figure 6](#sensors-18-04246-f006){ref-type="fig"}.

As shown in [Figure 6](#sensors-18-04246-f006){ref-type="fig"}, due to the ground reflector connected to the dipole, the current was suppressed in the --*z*-axis, and concentrated in the +*z*-axis. Therefore, director-1 and director-2 contributed to the radiation at the high bandwidth (8--9 GHz band) by distributing the current. Furthermore, the current distribution in [Figure 6](#sensors-18-04246-f006){ref-type="fig"}c was concentrated in director-1 and director-2, and contributed to the radiation in the high band.

The simulated radiation pattern results along the xz-plane (H-plane) and the yz-plane (E-plane) of the proposed antenna are shown in [Figure 7](#sensors-18-04246-f007){ref-type="fig"}.

As shown in [Figure 7](#sensors-18-04246-f007){ref-type="fig"}, the maximum gain was concentrated along the +*z*-axis within the proposed band and exhibited good directional characteristics.

2.2. Measurement Analysis of the Fabricated Antenna {#sec2dot2-sensors-18-04246}
---------------------------------------------------

The design of the fabricated antenna was based on the simulation, as shown in the photographs of [Figure 8](#sensors-18-04246-f008){ref-type="fig"}.

The VSWR ≤ 2 impedance bandwidth and the realized gain measured results of the fabricated antenna are shown in [Figure 9](#sensors-18-04246-f009){ref-type="fig"}.

As shown in [Figure 9](#sensors-18-04246-f009){ref-type="fig"}, the fabricated antenna exhibited a wide bandwidth of 4.36 GHz by satisfying a VSWR ≤ 2 from 5.03 to 9.39 GHz. Furthermore, the measured realized gain results were 4.91 dBi at 5 GHz, 5.41 dBi at 6 GHz, 5.68 dBi at 7 GHz, 6.46 dBi at 8 GHz, and 5.08 dBi at 9 GHz. Simulated and measured results of the realized gain agree well for 5 to 6 GHz, but not for differences at higher frequencies above 6 GHz that may come from the fabrication error, etching process, the influence of the SMA connector, coaxial cables on the radiation characteristics, and the measured conditions and different environmental factors. However, the gain of the antenna was not hampering the detection of the position of moving object within a limit range of 1 to 4 m.

The measurement radiation pattern results along the xz-plane (H-plane) and the yz-plane (E-plane) of the proposed antenna are shown in [Figure 10](#sensors-18-04246-f010){ref-type="fig"}.

As shown in [Figure 10](#sensors-18-04246-f010){ref-type="fig"}, the maximum gain was concentrated along the +*z*-axis within the proposed band and exhibited good directional characteristics.

3. Measurement Platform for Indoor Location Tracking System {#sec3-sensors-18-04246}
===========================================================

3.1. Radar Set-Up {#sec3dot1-sensors-18-04246}
-----------------

As shown in [Figure 11](#sensors-18-04246-f011){ref-type="fig"}, an indoor location tracking system was set up for verifying the practicality of the fabricated antenna. The radar module for the indoor location tracking system was the NVA-R661 of Xethru Inc.

As shown in [Figure 11](#sensors-18-04246-f011){ref-type="fig"}, the basic radar configuration consisted of a transmitter and a receiver. The measured distance *R* of the target is given by:$$R = \frac{ct}{2}$$ where *R* is the distance of the target, *t* is the time difference between the transmitted signal and the received signal, and *c* is the velocity of light \[[@B16-sensors-18-04246]\]. The measured data is analyzed through the signal processing and the distance *R* is displayed.

The X2 chip of NVA-R661 module generates a high-order Gaussian impulse signal, and it transmits the impulse signal that has several GHz bandwidth in order of nanoseconds. [Figure 12](#sensors-18-04246-f012){ref-type="fig"} shows the transmitter block diagram of NVA-R661 provide by Xethru Inc.

As shown in [Figure 12](#sensors-18-04246-f012){ref-type="fig"}, *PGSelect* and *SendEveryPulse* are user configurable functions and the center frequency of the impulse signal is set-up through the *PGSelect* segment. The *PGSelect* segment has setting numbers from 0 to 11, where a higher number of *PGSelect* corresponds the higher center frequency. In our experiment, setting number 5 of a *PGSelect* segment was selected, and the transmitting signal is shown in [Figure 13](#sensors-18-04246-f013){ref-type="fig"}.

As shown in [Figure 13](#sensors-18-04246-f013){ref-type="fig"}, the transmitting signal was observed to be a short pulse in order of nanoseconds, having a center frequency in the 6.8 GHz band. The detailed description of each function for block diagram is provided in the technical document of Xethru Inc., and this paper skips them. The impulse signal of the proposed radar system was chosen with setting number 5 of *PGSelect* that has a center frequency at 6.8 GHz, and it is close to the center frequency of the proposed antenna \[[@B17-sensors-18-04246]\].

3.2. Signal Processing Set-Up {#sec3dot2-sensors-18-04246}
-----------------------------

The signal processing configuration for the indoor location tracking system is shown in [Figure 14](#sensors-18-04246-f014){ref-type="fig"}.

As shown in [Figure 14](#sensors-18-04246-f014){ref-type="fig"}, the signal processing configuration consisted of clutter reduction, detection, localization, and tracking. The signal reflected from the target is given by:$$r_{i} = r_{c,i} + r_{t,i} + r_{n}$$ where *r~i~* is the *i*-th received signal, which consists of the clutter signal *r~c~*~,*i*~, the target signal *r~t~*~,*i*~, and noise *r~n~*.

In the clutter reduction step, the primary goal is to remove the clutter signal from the raw data. This signal can be found using SVD (singular value decomposition) to the target signal *r~t~*~,*i*~. The *n* signal received can form a matrix *R* with *R* = \[*R*~1~, *R*~2~, \..., *R*~n~\]^t^. The matrix *R* can be separated from the clutter signal *R~C~*, target signal *R~T~*, and noise *N*. The matrix *R* is given by: $${R = R_{C} + R_{T} + N}{R = \begin{bmatrix}
R_{1} \\
R_{2} \\
 \vdots \\
R_{n} \\
\end{bmatrix},\ R_{C} = \begin{bmatrix}
R_{c,~1} \\
R_{c,~2} \\
 \vdots \\
R_{c,~n} \\
\end{bmatrix},\ R_{T} = \begin{bmatrix}
R_{T,~1} \\
R_{T,~2} \\
 \vdots \\
R_{T,~n} \\
\end{bmatrix},\ N = \begin{bmatrix}
N_{1} \\
N_{2} \\
 \vdots \\
N_{n} \\
\end{bmatrix}}$$

The matrix *R* received through SVD is separated by the signals that has the eigenvalue and the eigenvector. Where, the eigenvalues are the weights of the linearly independent signals, and the eigenvectors are the temporal and spatial variation values. To remove the clutter signal, *R* is decomposed using *R* = *USV^T^* through SVD:$$\left\lbrack {U,S,V} \right\rbrack = SVD\left( R \right)$$ where *R* is an *m × n* matrix of the scanning data; here, *m* represents the time frame and n represents the target position. *U* is the orthogonal matrix of *m* × *m*, *V* is the orthogonal matrix of *n* × *n*, and *S* is the diagonal matrix of *m* × *n*. The columns of matrix *U* is the left singular vector, and the columns of matrix *V* is the right singular vector. When the rank r of *R* satisfies r = *n* \< *m*, meaning that within the observable time frame, the target positions are always within the frame boundary. SVD of *R* is obtained using: $$R = USV^{T} = \left\lbrack {\delta_{1}\delta_{2}\delta_{3}\cdots\delta_{n}} \right\rbrack\begin{bmatrix}
v_{1} & 0 & \cdots & 0 & 0 & \cdots & 0 \\
0 & v_{2} & & \vdots & \vdots & & \vdots \\
 \vdots & & \ddots & 0 & & & \\
0 & \cdots & 0 & v_{n} & 0 & \cdots & 0 \\
\end{bmatrix}\begin{bmatrix}
\alpha_{1}^{T} \\
\alpha_{2}^{T} \\
\alpha_{m}^{T} \\
\end{bmatrix}$$

The coefficient of *R* is r, which can be expressed using a group of sampling frames given by Equations (6) and (7) using the above singular value decomposition:$$R = v_{1}\begin{pmatrix}
 \vdots \\
\delta_{1} \\
 \vdots \\
\end{pmatrix}\left( {\cdots~\alpha_{1}^{T}\cdots} \right) + v_{2}\begin{pmatrix}
 \vdots \\
\delta_{2} \\
 \vdots \\
\end{pmatrix}\left( {\cdots~\alpha_{2}^{T}\cdots} \right) + \cdots + v_{r}\begin{pmatrix}
 \vdots \\
\delta_{r} \\
 \vdots \\
\end{pmatrix}\left( {\cdots~\alpha_{r}^{T}\cdots} \right)$$ $$R = \sum_{i = 1}^{r}v_{i}\delta_{i}\alpha_{i}{}^{T}$$ where, δ*~i~* and α*~i~* are the *i-*th eigenvectors to the left and right of *R*, and *v~i~* represents the *i*-th singular value of *R*. The matrix can be reconstructed using the eigenvalues that are relatively dominant among the eigenvalues obtained using SVD. The reconstructed matrix is approximated, and this approximation is called the low rank approximation. Using the low rank approximation, *R* is approximated to matrix *R*~j~ with rank *j*:$$R_{j} = \sum_{i = 1}^{j}v_{i}\delta_{i}\alpha_{i}{}^{T}$$

The approximated *R*~j~ is the matrix reconstructed as a temporal principal component signal through the priority of the eigenvalue. Therefore, the approximated *R*~j~ can be seen as the clutter signal matrix *R*~c~. In the above Equation (3), we can obtain the signal matrix *R*~T~ of the target when the clutter signal of matrix *R*~c~ are subtracted from a received signal of matrix *R*. The target signal matrix *R~T~* is obtained as follows from Reference \[[@B18-sensors-18-04246]\]: $$R_{T} + N = R - R_{C} = R - R_{j}.$$

The target signal detection process through SVD is shown in [Figure 15](#sensors-18-04246-f015){ref-type="fig"}.

As shown in [Figure 15](#sensors-18-04246-f015){ref-type="fig"}, the clutter signals detected in the indoor experiment setup include the walls, pillars, and the other obstacles. The wall was located behind the target, and the clutter signals reflected by the wall are little and there was no change of signal in the preceding time frame. However, the target signal movement was large and is changing over in time. By reconstructing the received signal matrix, the clutter signals with no change over the time were considered to be the clutter signals. The target signal obtained through SVD is shown in [Figure 15](#sensors-18-04246-f015){ref-type="fig"}c.

After the clutter reduction algorithm was applied through the detection process, the location information of the target was obtained. In the detection process, the signal of the target of the maximum values is detected through cross-correlation in between the received signal and the transmitted signal.

In order to detect the signal through cross-correlation, the following equation is used: $$d_{Bi,n}\left( t \right) = R_{T}\left( t \right)\times r_{i}\left( t \right) = \int R\left( {\tau - t} \right)s\left( \tau \right)d\tau$$ where *d~Bi,n~* indicates the results of the cross-correlation between the output signal after the clutter reductions and the template signal *r~i~*. The template signal is the transmitted signal generated in the X2 chipset. The target signal detection process through cross-correlation is shown in [Figure 16](#sensors-18-04246-f016){ref-type="fig"}.

As shown in [Figure 16](#sensors-18-04246-f016){ref-type="fig"}, a signal *d~Bi,n~* was the cross-correlation output signals value that is found using the correlation analysis in between the clutter reduction output signal *R~T~* and the template signal *r~i~*. Therefore, through the maximum values of cross-correlation results, the location of the target was estimated. In the localization and tracking step, the distance of the target was determined by using the ToA (time-of-arrival) of the measured target signal \[[@B19-sensors-18-04246],[@B20-sensors-18-04246],[@B21-sensors-18-04246],[@B22-sensors-18-04246]\].

3.3. Target Tracking Measurement and Antenna Verification {#sec3dot3-sensors-18-04246}
---------------------------------------------------------

To verify the performance of the clutter reduction algorithm, it is compared with SVD and AVG (average filter). In order to track the location of the single target, the distance was measured based on 400 data points moving from 1 to 4 m within the radar range. The location tracking result of the moving target for SVD and AVG algorithm is shown in [Figure 17](#sensors-18-04246-f017){ref-type="fig"}.

As shown in [Figure 17](#sensors-18-04246-f017){ref-type="fig"}, a single target walked back and forth from 1 to 4 m in units of 1 m. The results of the AVG filter were observed with very low resolution. In the case of SVD, it was observed to have a good resolution for 0 to 2 m, but some error existed while analyzing in the distance from 3 to 4 m. The reason is that the received signal became weaker as the distance increased. The RMSE (root mean square error) that resulted from the algorithm of the SVD and AVG filter was 0.2405 and 0.7820, respectively. From the experimental results, we see that the RMSE result of the SVD was lower than the AVG filter with the conclusion that SVD observed the better resolution.

To verify the validity performance of the proposed antenna, comparison with the proposed antenna and the commercial antenna was made. The structure and radar set-up of the commercial antenna is shown in [Figure 18](#sensors-18-04246-f018){ref-type="fig"} \[[@B23-sensors-18-04246]\].

As shown in [Figure 18](#sensors-18-04246-f018){ref-type="fig"}, the type of the commercial antenna is a Vivaldi-LA antenna, and the overall size was about 50 × 50 × 2 mm^3^. The specification of the commercial antenna is listed in the [Table 1](#sensors-18-04246-t001){ref-type="table"}.

The proposed antenna and the commercial antenna detected a single target in the indoor position environment. A single target was measured from the distance of 1 to 4 m that was fixed in units of 1 m, and the measurement results are shown in [Figure 19](#sensors-18-04246-f019){ref-type="fig"}.

As shown in [Figure 19](#sensors-18-04246-f019){ref-type="fig"}, the measurement results of the proposed antenna and the commercial antenna were observed with some errors in the distance of 3 to 4 m. This was because the received signal became weaker as the distance increased. The proposed antenna and the commercial antenna was compared through the RMSE, and its values are listed in [Table 2](#sensors-18-04246-t002){ref-type="table"}.

As shown in [Table 2](#sensors-18-04246-t002){ref-type="table"}, the proposed antenna and the commercial antenna had similar performances, but the proposed antenna had the advantage of being compact, less weight, and portable compared with the other commercial antenna.

The proposed antenna was compared with antennas applied in similar systems, as described in [Table 3](#sensors-18-04246-t003){ref-type="table"}.

As shown in [Table 3](#sensors-18-04246-t003){ref-type="table"}, the proposed antenna, while exhibiting similar results in bandwidth and gain, had the advantage of being smaller than the other antennas. Furthermore, the performance of the proposed antenna was verified by connecting it to the indoor location tracking system.

4. Conclusions {#sec4-sensors-18-04246}
==============

The fabricated quasi-Yagi antenna was proposed for an indoor location tracking system. By adding two parasitic directors near the dipole, the fabricated antenna improved its impedance bandwidth and its realized gain. Furthermore, the performance of the proposed antenna was verified by connecting it to the NVA-R661 for an indoor location tracking system.

The fabricated antenna showed a bandwidth of 4.36 GHz by satisfying a VSWR ≤ 2 from 5.03 to 9.39 GHz and the measured realized gain was 4.91 dBi at 5 GHz, 5.41 dBi at 6 GHz, 5.68 dBi at 7 GHz, 6.46 dBi at 8 GHz, and 5.08 dBi at 9 GHz. The measured radiation pattern result exhibited good directional characteristics. Finally, the fabricated antenna could clearly describe the movement of a target that moved forward and backward four times inside the imaging area along the moving line in the range from 1 to 4 m.
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![Structure of the quasi-Yagi antenna: (**a**) top layer, and (**b**) bottom layer.](sensors-18-04246-g001){#sensors-18-04246-f001}

![Three steps of the proposed antenna design process: (**a**) Antenna-1, (**b**) Antenna-2, and (**c**) Antenna-3.](sensors-18-04246-g002){#sensors-18-04246-f002}

![Performance analysis of the three steps: (**a**) impedance bandwidth of VSWR, and (**b**) antenna gain.](sensors-18-04246-g003){#sensors-18-04246-f003}

![VSWR results simulated for director-1: (**a**) *L~Dr~*~1~, and (**b**) *g*1.](sensors-18-04246-g004){#sensors-18-04246-f004}

![VSWR results simulated for director-2 (**a**) *L~Dr2~*, (**b**) *g*2.](sensors-18-04246-g005){#sensors-18-04246-f005}

![Current distribution results of the proposed antenna: (**a**) 5 GHz, (**b**) 7 GHz, and (**c**) 9 GHz.](sensors-18-04246-g006){#sensors-18-04246-f006}

![Simulated radiation pattern results of the proposed antenna: (**a**) 5 GHz, (**b**) 6 GHz, (**c**) 7 GHz, (**d**) 8 GHz, and (**e**) 9 GHz.](sensors-18-04246-g007){#sensors-18-04246-f007}

![Photograph of the fabricated antenna: (**a**) top layer, and (**b**) bottom layer.](sensors-18-04246-g008){#sensors-18-04246-f008}

![VSWR and realized gain of the fabricated antenna.](sensors-18-04246-g009){#sensors-18-04246-f009}

![Measured radiation pattern results of the proposed antenna: (**a**) 5 GHz, (**b**) 6 GHz, (**c**) 7 GHz, (**d**) 8 GHz, and (**e**) 9 GHz.](sensors-18-04246-g010){#sensors-18-04246-f010}

![Measurement platform for indoor location tracking system: (**a**) radar set-up, (**b**) experimental set-up, and (**c**) block diagram of the measurement platform.](sensors-18-04246-g011){#sensors-18-04246-f011}

![Block diagram of the transmitter.](sensors-18-04246-g012){#sensors-18-04246-f012}

![Frequency band and transmitting signal of IR-UWB radar: (**a**) transmitting signal in the time domain, and (**b**) transmitting signal in the frequency domain.](sensors-18-04246-g013){#sensors-18-04246-f013}

![Signal processing configuration for the indoor location tracking system.](sensors-18-04246-g014){#sensors-18-04246-f014}

![Target signal detection process through SVD: (**a**) signal received without target, (**b**) signal received with target, and (**c**) target signal that removed clutter.](sensors-18-04246-g015){#sensors-18-04246-f015}

![Target signal detection process through cross-correlation.](sensors-18-04246-g016){#sensors-18-04246-f016}

![Location tracking result of the moving target: (**a**) AVG results, and (**b**) SVD results.](sensors-18-04246-g017){#sensors-18-04246-f017}

![Measurement platform of the commercial antenna: (**a**) structure, and (**b**) radar set-up.](sensors-18-04246-g018){#sensors-18-04246-f018}

![Measurement results by distance for a fixed single target: (**a**) results of proposed antenna, and (**b**) results of the commercial antenna.](sensors-18-04246-g019){#sensors-18-04246-f019}

sensors-18-04246-t001_Table 1

###### 

Comparisons of the proposed antenna and reference antennas.

  Type           Vivaldi-LA
  -------------- -------------------
  Gain           8 dBi
  Polarization   Linear
  Impedance      50 Ω
  Size           50 × 50 × 2 mm^3^
  Connector      SMA

sensors-18-04246-t002_Table 2

###### 

RMSE results of the proposed antenna and the commercial antenna.

  Distance (m)   RMSE     
  -------------- -------- --------
  1              0.0406   0.0716
  2              0.0367   0.0295
  3              0.1157   0.1287
  4              0.0846   0.0469

sensors-18-04246-t003_Table 3

###### 

Comparisons of the proposed antenna and reference antennas.

  Antenna                 Ref. \[[@B15-sensors-18-04246]\]   Ref. \[[@B24-sensors-18-04246]\]   Ref. \[[@B25-sensors-18-04246]\]   This Work
  ----------------------- ---------------------------------- ---------------------------------- ---------------------------------- ------------
  Antenna type            Tapered slot                       Quasi-Yagi                         Quasi-Yagi                         Quasi-Yagi
  Size (mm)               130 × 70                           36 × 35                            90 × 140                           32.7 × 33
  Bandwidth (GHz)         0.64--6                            3.8--10.3                          1.59--3.64                         5.03--9.39
  Gain (dBi)              \-                                 7 dBi                              7.4 dBi                            6.46 dBi
  Location tracking (m)   1--9                               \-                                 \-                                 1--4
